Spontaneous decay behaviors from an assembly of atoms (or molecules) in 3D photonic crystals (PC's) with pseudogaps are investigated. Theoretically, a lifetime distribution function for these atoms or molecules is defined to reveal decay kinetics. Our calculations show that quite wide or narrow lifetime distributions can occur for different spread configurations of the atoms (or molecules). The pure PC effect may lead to coexistence of both accelerated and inhibited decay processes. These results provide theoretical clarification for substantial discrepancies in the recent reported experiments.
Since the pioneering work of Yablonovitch [1] and John [2] , the spontaneous emission properties of atoms or molecules in the three-dimensional (3D) photonic crystals (PC's) are extensively investigated. Because of the difficulty in the fabrication of samples, the experimental studies in this topic have been achieved only in the 3D PC's with pseudo-photonic-band gaps (pseudo-PBG's). The inhibition effect of radiative decay in PC's was first reported ten years ago [3] . However, a later comprehensive experiment showed that the non-PC effects can account for a major fraction of the change in the radiative lifetime [4] . Recently, the wide lifetime distribution containing both inhibited and accelerated decay components was reported in the artificial opal sample [5] , in which dye molecules homogeneously spread over the background solution. However, when the dye molecules are homogeneously embedded on a spherical layer inside silica globules in a similar system [6] , only a single decay lifetime was found and very little change in the decay lifetime was observed. Evidently, there exist substantial discrepancies in these experimental observations. Up to now, the clearly theoretical clarification for these experiments still remains an open question [7] .
Theoretically, isotropic and anisotropic dispersion models near band edges have been extensively employed to study the spontaneous emission problems in the 3D PC's with absolute-PBG's [8] [9] [10] [11] [12] [13] [14] [15] . Obviously, the dispersion models are not applicable to the 3D PC's with pseudo-PBG's, because the propagating modes in some directions overlap with pseudo-PBG's. Moreover, the position dependence of interaction between atoms and photons is omitted in these models, while it has been well known in the 1D inhomogeneous system [16] [17] [18] . To understand different experimental results, the conventional averaged lifetime over a few positions of atom was evaluated [19] . But, this attempt was a failure. Furthermore, it is assumed in the numerical calculations that the magnitudes jE n,k ͑r͒j of the field modes are invariant under the operation of the lattice point group operator [19] [20] [21] . Recently, this assumption has been proven to be invalid and a new calculation method is presented [22] .
In this Letter, we study the decay kinetics of the atoms (or molecules) in the PC's with pseudo-PBG's by considering the position-dependent interaction. Theoretically, a lifetime distribution function for an assembly of atoms or molecules is defined and numerically evaluated to reveal the dynamic decay processes. This can provide a theoretical clarification for the recent reported experiments.
For a two-level atom at r point in a PC, the Hamiltonian of the system reads as
In Eq. (1), b i and b 1 i ͑i 1, 2͒ are annihilation and creation operators of electron in the ground and excited states, respectively, a nk and a 1 nk annihilation and creation operators of the photon; v 0 is the atomic transition frequency; v nk is the frequency of the electromagnetic (EM) eigenmode E nk ͑r͒ ic= 3 H nk ͑r͓͒͞e͑r͒v nk ͔ in the PC's, which can be solved by the plane-wave expansion method [23] ; g nk ͑r͒ is the coupling coefficient, given by
where u d u dû is the dipole moment between two transition levels. For the spontaneous emission, the state vector of the system can be expressed as
with C 2 ͑t 0͒ 1 at the initial moment; j2, 0͘ and j1, nk͘ represent the initial and final states of the system, respectively. Obviously, the Fourier spectrum C 2 ͑v͒ R 12`C 2 ͑t͒e 2ivt dt includes all the evolution information of the excited state. According to the Green function method in time domain [24] , the resulting expression for C 2 ͑v͒ reads 093902-1 0031-9007͞02͞ 88(9)͞093902(4)$20.00 © 2002 The American Physical Society 093902-1
where P represents the integral principal value. If G͑r, v͒͞v 0 ø 1 and G͑r, v͒ fi 0 near the transition frequency v 0 , Eq. (4) can be reasonably approximated to the famous Lorentzian form
which leads to the Weisskopf-Wigner exponential decay law with a decay lifetime
In fact, Eq. (5) gives the famous expression
corresponds to the value in vacuum] for the homogeneous bulk medium of refractive index n when the local field effect (LFE) is ignored. It should be mentioned that the LFE is important in determining the spontaneous emission lifetime (SELT) [25] . However, the recent experiments [5, 6] were to study the inhibited and enhanced effects of the PC's on the spontaneous emission. Thus, in each of these two experiments, a reference sample was prepared for making a comparison in the lifetime. The experimental conclusions were drawn from this comparison. In other words, the lifetime ratio e t͑r, v 0 ͒ t͑r, v 0 ͒͞t f ͑v 0 ͒ [here t f ͑v 0 ͒ is the SELT in the reference sample] can reveal the effects of the PC's. Moreover, the host medium (in which atoms or molecules are embedded) of the reference sample in the experiments is the same as that in the PC. For this case, it is unnecessary to consider the modification of the LFE in the calculations of the lifetime ratio, as pointed out in Ref. [18] .
It is shown from Eq. (8) that the assembly of atoms (or molecules) in the PC's with pseudo-PBG's should lead to a distribution of the decay lifetimes, rather than only a single lifetime decay. Thus, we define a lifetime distribution function as
where r i denotes the position of the ith atom (molecule) and W i is a weight factor. For the homogeneous distribution of the atoms (molecules) in space and the random orientation of the dipole moment, we have W i 1. The radiative intensity I͑e t͒ from these atoms (molecules) with the lifetime e t should be proportional to r͑e t͒.
Note that jg nk ͑r 1 R l ͒j jg nk ͑r͒j due to Bloch theorem. This makes it possible to calculate the distribution of the position-dependent decay lifetimes in a unit cell. The detailed numerical calculations involve the following steps: (i) We discretize the first Brillouin zone (BZ) into 256 000 grid points and a unit cell (UC) of the PC into 524 288 grid points; (ii) the eigenequation of magnetic field H nk ͑r͒ is solved by an expansion of 965 plane waves [23] , and the convergency accuracy is better than 1%. Actually numerical calculations can be achieved in an irreducible BZ and an irreducible UC, due to the symmetry of the crystals (i.e., jH n͕a j t 0 ͖k ͑r͒j jH nk ͕͑a j t 0 ͖ 21 r͒j [22, 26] , rather than jH n͕a j t 0 ͖k ͑r͒j jH nk ͑r͒j [19] [20] [21] ; here ͕a j t 0 ͖ represents an operator of space group [27] ); (iii) the lifetime distribution function is obtained by assuming random orientation of the atomic transition dipole moment. A given dye molecule has a fixed direction of the transition dipole moment, in contrast to an atom in which the transition dipole moment fluctuates on the time scale of the excited-state lifetime. But, the molecules in different positions should have different orientations of transition dipole moment; consequently, the assumption of the random orientation of the transition dipole moment still remains valid for an assembly of dye molecules.
We consider three different PC's of the fcc lattice consisting of spherical globules with refractive index n in the background media with refractive index n b : (a) PC1 with n 1.3, n b 1.49, and filling fraction f 0.74; (b) PC2 with n 1.45, n b 1.33, and f 0.60; (c) PC3 with n 2.6, n b 1.33, and f 0.65. PC1 and PC2 possess almost the same parameters as those of the samples in the experiments of Refs. [5, 6] , respectively. These three PC's possess pseudo gaps along the (111) direction. Figure 1 (a) displays the radiative line width for two different positions of the atom (molecule) in the background medium of PC1. It can be seen that the ratio G͑r 1 , v 0 ͒͞ G͑r 2 , v 0 ͒ near the pseudo gap is high up to about 1.7. This implies that the lifetimes of the atoms (or molecules) possess a quite wide distribution. To clearly show this, we plot the lifetime distribution for homogeneous dispersion of the atoms (molecules) over the background medium in Fig. 1(b) with three different reference lifetimes, in which the frequency is at the lower band edge of the pseudo gap (i.e., at the probe frequency in the experiment of Petrov et al. [5] ). Indeed, a very wide lifetime distribution is found. The relative width of the lifetime distribution (RWOLD) T rw ͑t max 2 t min ͒͞t min for three different reference lifetimes is about 70%, which closes the measured value of about 120% in the experiment of Petrov et al. [5] . We also observe that the fraction of the accelerated or inhibited components in the whole distribution depends on the scale of the reference lifetime t f . In the case of atoms inside an optically thick film, if the localized modes can be reabsorbed and do not carry any energy away [28] , the spontaneous emission rate (SER) is G f G y ͓n 2 ͑n hand, if there is no absorption of emitted luminescence in the film, the SER is G f G y n [18] . In Petrov et al.'s experiment, a weak reabsorption of the fluorescence from the dye molecules exists in the reference film [5] . As a result, the value of G f is between 0.385G y and 1.49G y for n n b 1.49, close to 1.49G y . As there exists no exact expression for the SER in the weak absorption case, thus, we prefer to adopt three different values of G f 1.00G y , 1.20G y , and 1.49G y in Fig. 1(b) . In addition, the size inhomogeneity of the dielectric globules in the sample of Petrov et al. also causes some quantitative discrepancies between the theoretical evaluations and experimental results. Even so, our results have demonstrated that the pure PC effect may result in the wide distribution of lifetimes and the coexistence of both the accelerated and inhibited components in spontaneous decay kinetics. However, it is believed that the pure PC effects cannot cause these phenomena [7, 19] . We now turn to study the PC2 sample. Figure 2 (a) displays RWOLD T rw at the center of the pseudo gap (i.e., at the probe frequency in the experiment of Megens et al. [6] ) to be about 2% for the atoms (molecules) located on two different spherical surfaces inside the dielectric globules, and no appreciable PBG effects can be observed. This result agrees well with the experimental result of Megens et al. A very narrow RWOLD for different spherical surfaces manifests that the radial distribution of the lifetimes (RDOL) along any direction can very well reveal the decay kinetics for homogeneous spreading of the atoms (molecules) over the whole dielectric globules. Figure 2(b) shows that the RWOLD T rw inside the whole dielectric globules still remains large, up to about 38%. It is very interesting to note that the change in the lifetimes is lower than 4% for 0.4 # r͞r 0 # 0.8. The radius of the atomic layers of the samples in the experiment of Megens et al. is just r͞r 0 0.6. Apparently, the special space configuration of the atoms (molecules) leads approximately to a single lifetime decay in the experiment of Megens et al., which is invalid for the homogeneous spreading of the atoms (molecules) over the whole dielectric globules. The symmetry of spherical surface leads to a very narrow lifetime distribution. In addition, when two atomic layers of r͞r 0 0.2 and 0.9 are simultaneously embedded in the dielectric globules, the spontaneous decay kinetics containing both the accelerated and inhibited components can also be observed in PC2.
The lifetime distributions of the atoms in PC3 are displayed in Fig. 3 . Figure 3(a) shows that the observable RWOLDs T rw of atoms outside dielectric spheres are high up to 600% ϳ 700%, for three different transition frequencies v 0 , respectively, at the lower, center, and upper edges of the pseudo-PBG's. Compared with the chosen reference lifetime t 0 , the decay process for most of the atoms outside dielectric globules is remarkably accelerated. However, Fig. 3(b) reveals that the spontaneous emission is substantially inhibited when atoms are embedded on the spherical surface of radius r 0.6r 0 inside the dielectric spheres. We observe once again that the accelerated and inhibited decay processes of atoms simultaneously occurs. The observable RWOLDs T rw for the atoms located on the spherical surface still remain narrower, less than 9%. Hence, the RDOL still approximately characterizes the decay kinetics of the atoms in the whole dielectric spheres. Based upon the lifetime distribution function, we have studied the decay kinetics of the spontaneous emission from an assembly of the atoms in the PC's with pseudo-PBG's. It is shown that the decay kinetics strongly depends on the spread configurations of the atoms (molecules) in the PC's. The concept of the single-averaged lifetime of spontaneous emission remains generally invalid for the PC's. The pure PC effect may cause the coexistence of both the accelerated and inhibited decay processes. These results provide a theoretical clarification for the substantial discrepancies among the recent reported experiments.
